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The budding yeast cell cycle proceeds through an ordered series of events which are under 
elaborate regulation. During mitosis, replicated genomic DNA is separated evenly into mother 
and daughter cells. After completion of mitosis, a membrane protein chitin synthase II (Chs2p) 
appears at the neck late in telophase to lay down a chitin wall between the mother and 
daughter cells. This laying down of the chitin occurs concomitantly with the contraction of 
the actomyosin ring, which causes the invagination of the plasma membrane. The resulting 
chitin wall is known as the primary septum. Without Chs2p, cytokinesis occurs in an aberrant 
manner resulting in the formation of large clumps of cells. Recently it was reported that 
mitotic exit, defined biochemically as the destruction of the mitotic kinase activity, is required 
for targeting the exocytic pathway to the cell division site. Whether the neck localization of 
Chs2p, which is a cargo of the exocyst complex, is also regulated by the mitotic exit or not is 
still unknown. 
In this study, the timely localization of Chs2p to the neck and the relationship with MEN 
(mitotic exit network) components and mitotic kinase were examined. We found the 
appearance of Chs2p at the neck was closely correlated with a decrease of mitotic kinase. 
Mitotic exit, not single MEN components such as Cdc15p, was required for the translocation 
of Chs2p to the neck. At metaphase, the induction of Sic1p, an inhibitor of the mitotic kinase, 
caused a decrease in the mitotic kinase activity that could trigger the premature localization of 
Chs2p at the neck. Interestingly, we found Chs2p to be restrained at ER during metaphase, 
when mitotic kinase activity was high. In temperature-sensitive mutants of the COP II 
secretory pathway such as sec12-4, sec18-1 and sec2-59, Chs2p failed to translocate to the 
 ix 
neck even when mitotic kinase was inactivated. This indicated that the translocation of Chs2p 
to the neck was via the COPII-mediated secretory pathway. More importantly, the transport of 
Chs2p out of the ER depended upon mitotic kinase inactivation. The timely export of Chs2p 
from the ER during mitotic exit ensures that septum formation will occur only after the 
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1.1 Yeast cell cycle and cell-cycle dependent kinase 
Cell cycle of eukaryotic cells is composed of four main phases: genome duplication (S phase), 
nuclear division (M phase), separated by two growing phases (G1 and G2) (Bahler, 2005). 
The process of yeast cell division is also similar to this. At G1 phase, cells will grow to a size 
large enough to enter the cell cycle. If the conditions are not favorable, the cell will go into 
stationary phase (G0) until the environment becomes more favorable. At the end of G1, cells 
will go through a process called Start to decide whether to go to the next stage. Once Start is 
passed, the genomic DNA will be duplicated in S phase (Pringle and Hartwell, 1981). The 
initiation of DNA replication is closely correlated with bud emergence, but these two events 
are not dependent on each other. After completion of DNA replication, the cell will continue 
growing in G2 phase which is very short in yeast cell cycle. Then the cell will undergo 
mitosis, partitioning replicated genomic DNA between mother and daughter cells evenly. 
Subsequently, the cell will go on to cytokinesis, which will separate the mother and daughter 
cells physically (reviewed by Bahler, 2005).  
CDKs, cyclin-dependent protein kinases, play crucial roles in the regulation of cell cycle 
events (Booher et al., 1989; Peters et al., 1998). These kinases need to bind with cyclin 
subunits to achieve their specificity (Draetta et al., 1989; Meijer et al., 1989; Gautier et al., 
1990; Wittenberg et al., 1990; Loog and Morgan, 2005). In budding yeast Saccharomyces 
cerevisiae, Cdc28p the major regulator of cell division (Hartwell, 1974), controls cell cycle 
events by binding with different cyclins (Hadwiger et al., 1989; Richardson et al., 1989; 
Wittenberg and Reed, 1989; reviewed by Mendenhall et al., 1998). There are two groups of 
cyclins binding with Cdc28p. One is called G1 group including Cln1p, Cln2p and Cln3p 
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which mainly regulate events between mitosis and DNA replication (Swenson et al., 1986). 
Another group is B-type cyclins: Clb1p, Clb2p, Clb3p, Clb4p, Clb5p and Clb6p which are 
expressed from START to M phase (Westendorf et al., 1989). Each cyclin confers substrate 
specificity to Cdc28 and also limited functions (reviewed by Mendenhall et al. 1998). 
1.2 Mitosis and mitotic exit network (MEN) 
Mitosis is the process of nuclear division whereby two daughter nuclei are produced that is 
genetically identical to the parent nucleus. Mitosis is a continuous process that consists of 
various stages: prophase, metaphase, anaphase and telophase. After DNA replication, sister 
chromatids are held together by the protein complex known as cohesin. The cleavage of one 
cohesin subunit Scc1p/Mcd1p by separase (Esp1p), a protease, results in the dissolution of 
sister chromatids (reviewed by Nasmyth, 2001). Separase is kept inactive by its inhibitor 
securin (Pds1p) till the onset of anaphase. At the beginning of anaphase securin is inactivated 
by ubiquitin-dependent proteolysis mediated by the anaphase-promoting complex/cyclosome 
(APC/C) together with its specificity factor Cdc20p. This allows the release of separase, 
thereby triggering the onset of sister-chromatids separation (Uhlmann et al., 1999; Uhlmann 
et al., 2000). In anaphase sister chromatids begin to separate and move to opposite poles of 
the cell. After the completion of chromosome segregation, cells exit from mitosis (reviewed 
by Stegmeier and Amon, 2004). Due to the fact that many proteins and features of mitosis in 
Saccharomyces cerevisiae are analogous to those of mammalian cells, budding yeast has 
proven to be an excellent genetic system to study the molecular mechanisms of mitosis.  
After mitosis, the cells go on to cytokinesis to separate mother and daughter cells. The events 
happening in cytokinesis such as ring contraction, membrane fusion and cell wall addition 
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must be under temporally and spatially regulation to ensure the genetic materials and 
organelles are correctly partitioned. High levels of mitotic kinase prevent premature 
cytokinesis during prophase and metaphase and only when the kinase activity is decreased 
that cell division proceeds (reviewed by Wolfe and Gould, 2005). In budding yeast, the exit 
from mitosis requires the degradation of Clb2p by APCCdc20 and APCCdh1 sequentially 
(Visintin et al., 1997; Yeong et al., 2000; Wasch and Cross, 2002). Activation of APCCdh1 is 
through the dephosphorylation of Cdh1p by a phosphatase Cdc14p. Cdc14p also promotes the 
transcription of Sic1p, stoichiometric inhibitor of the CDKs by dephosporylation of Swi5p 
(Visintin et al., 1998; Jaspersen et al., 1999). Cdc14p is kept inactive through G1, S/G2 and 
early mitosis by binding with Net1p and Sir2p. Only when MEN is activated, Cdc14p could 
be released from sequestration and reach its targets in the nucleus and cytoplasm (Visintin et 
al., 1998; Shou et al., 1999).  
The MEN is a signaling cascade composing of Tem1p (a GTPase); Cdc15p, Dbf2p, Cdc5p 
(protein kinases); Cdc14p (a phosphatase); Mob1p (a factor associated with Dbf2p); 
Bud2p-Bfa1p/Byr4p (a GAP); Lte1p (a GEF); and Nud1p (a scaffold protein) (Bardin and 
Amon, 2001). Inactive Tem1p is located on spindle pole body (SPB) with Bud2p/Bfa1p (Li, 
1999; Bardin et al., 2000). When SPB migrates through the mother-daughter neck，Lte1p, 
located at bud cell cortex together with Cdc5p activates Tem1p (Pereira et al., 2000; Hu et al., 
2001). Active Tem1p turns on Cdc15p which leads to Dbf2p/Mob1p activation and 
subsequent phosphorylation of Net1p and Cdc14p (Lee et al., 2001; Shou et al., 2002). 
Phosphorylation of both Cdc14p and Net1p leads to a total release of Cdc14p from the 
nucleus (Visintin et al., 2003). Active Cdc14p then triggers the exit from mitosis by 
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inactivation of mitotic kinase.   
Recently, it is reported that MEN might also execute functions in cytokinesis (Jimenez et al., 
1998). Lte1p function is important to couple mitotic exit with cytokinesis (Jensen et al., 2004). 
Depletion of Cdc5p function leads to cytokinesis arrest (Song and Lee, 2001; Park et al., 2003; 
Lee et al., 2005). Tem1p also plays a specific role in cytokinesis which is shown by the fact 
that 51% of cells depleted for Tem1p in the net1-1 background formed chains (Lippincott et 
al., 2001). MOB1 is required for cytokinesis in addition to mitotic exit which is evidenced by 
the presence of chains of cells in cultures of the mob1-83 mutant (Luca et al., 2001). In the 
cdc15-2 mutant at semi-permissive temperature of 31℃, Dbf2p and Dbf20p could not 
translocate to the neck from SPB and cytokinesis fails (Lim et al., 2003). In these cases, either 
the assembly (Yoshida et al., 2006) or the contraction of actomyosin ring (Lippincott et al., 
2001; Luca et al., 2001; Lim et al., 2003) could not happen. The most downstream MEN 
kinase Dbf2p is thought to function as an inducer for ring contraction after their accumulation 
at the neck (Luca et al., 2001; Frenz et al., 2000; Wolfe and Gould, 2005). The targets of 
MEN kinases are attractive candidates for triggers of this event. However, the substrates have 
not been identified though Hof1p is proposed to be one target of Dbf2p (Blondel et al., 2005).   
1.3 Cytokinesis and cell separation 
For the maintenance of genomic stability, cytokinesis only occurs after the segregation of 
chromosome. In mammalian cells, aneuploidy, caused by failure or precocious cell division, 
is often associated with cancer (Zhou et al., 1998; Duesberg et al., 1998; reviewed by 
Jallepalli and Lengauer, 2001). The process of cytokinesis is quite different in animal cells, 
plant cells and fission or budding yeast. In budding yeast Saccharomyces cerevisiae, the 
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division site is determined during G1 phase beside or across to the previous division site 
depending on haploid or diploid cells. Cdc42p and some other proteins are involved in this 
decision which also recruits septins to the incipient bud site as a spatial clue for the 
construction of a contractile ring. Indeed, septins function not only as a scaffold for the 
contractile ring components, but also as a diffusion barrier which enables the polarized 
growth (Longtine et al., 1996; Pruyne and Bretscher, 2000i). Septins are conserved GTPases 
including five proteins, Cdc3p, Cdc10p, Cdc11p, Cdc12p and Shs1p. Before bud emergence, 
all five septins form a ring at the incipient bud site which changes into an hourglass-shaped 
collar that spans the mother-daughter neck. The collar will split into two rings when 
cytokinesis begins to occur (Lippincott et al., 2001; Kozubowski et al., 2005).  
One important step of cytokinesis is the invagination of plasma membrane towards the center 
of mother daughter neck which results in pinching off of the membrane and separating of the 
two cells. This invagination is driven by the contraction of an actomyosin ring which consists 
of Myo1p and filamentous actin (Lippincott and Li, 1998i). Myo1p belongs to class II myosin 
which localizes to a ring at the presumptive bud site and the mother daughter neck while 
F-actin and Iqg1p localize to the ring in late anaphase (Brown, 1997; Bi et al., 1998; 
Lippincott and Li, 1998i). Iqg1p, one member of IQGAP family, is required for the 
recruitment of actin filaments to the neck (Lippincott and Li, 1998i). After completion of 
mitosis, the structures at the mother-daughter neck go through an ordered series events. First, 
the hourglass structure of septins split into two, leaving a gap in the middle. Second, chitin 
synthase II (Chs2p) appears on the membrane in the gap (Sburlati and Cabib, 1986; Chuang 
and Schekman, 1996; Roh et al., 2002). Next, the actomyosin ring begins to contract, pulling 
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in and invaginating the plasma membrane. At the same time, chitin is laid down by Chs2p to 
form the primary septum. Finally, the contractile ring disappears and the membranes of the 
two newly formed cells pinch off. At this step, cytokinesis has been completed. Cell wall-like 
materials are secreted through the membranes of mother and daughter cells to make the 
secondary septa (Roh et al., 2002). After the formation of trilaminar septum, a few digestive 
enzymes such as Cts1p, Eng1p, Scw11p, Dse2p and Egt2p localize to the septum to digest 
away the septum which results in a physically separation of mother and daughter cells. 
(Kuranda and Robbins, 1991; Baladron et al., 2002; reviewed by Yeong, 2005) 
1.4 Chitin synthases and septum formation 
Chitin, a β-1,4-linked-polymer of N-acetylglucosamine, is one of the components of the 
yeast cell wall and is synthesized by three chitin synthases, Chs1p, Chs2p, Chs3p (Cabib et al., 
1989; Shaw et al., 1991). Chs1p is required for repairing the chitin septum during cytokinesis 
(Cabib et al., 1989). Chs2p is the synthase for the synthesis of chitin in the primary septum 
during cytokinesis while Chs3p is for the synthesis of the majority chitin in cell wall, the 
chitin ring during bud emergence and spore wall chitosan (Shaw et al., 1991; Pammer et al., 
1992). None of three synthases are reported to be essential in yeast cells although the 
combinational disruption of CHS2 and CHS3 is lethal in Saccharomyces cerevisiae (Shaw et 
al., 1991). 
Septum, which is formed at the mother-daughter neck at the end of mitosis, permits their 
separation without lysis. The sandwich-like structure of septum is composed by the primary 
septum and secondary septa along the primary one. The formation of septum is described in 
the section of cell separation (see above).  
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1.5 Secretory pathway 
The localization of Chs2p at the neck depends on secretory pathway (VerPlank and Li, 2005; 
Zhang et al., 2006). The secretory pathway leads the newly synthesized proteins or lipids 
from ER towards Golgi apparatus and cell surface, with a side route to vacuole in yeast cells. 
This process involves vesicle budding, cargo selection, vesicle targeting and fusion. All these 
steps are mediated by protein coats (reviewed by Bonifacino and Glick, 2004). One of these 
coats is COPII, composed of Ras-like GTPase Sar1p, Sec23p•Sec24p subcomplex and 
Sec13p•Sec31p subcomplex, which mediates the transport from ER to Golgi (Barlowe et al., 
1994). Being the GEF of the GTPase Sar1, Sec12p is important for the initiation of transport 
vesicle budding from the endoplasmic reticulum through activation of Sar1p (Barlowe and 
Schekman, 1993).  COPI is involved in the transport within Golgi and from Golgi to ER 
(Letourneur et al., 1994). Post-Golgi secretory vesicles are targeted to designated areas of 
plasma membrane via actin cables while Myo2p, the class V myosin, serves as a motor for 
this transport process (Pruyne et al., 1998). Sec2p acts in post-Golgi traffic at an earlier step 
to couple the activation of Sec4p to the polarized delivery of vesicles to the site of exocytosis 
(Christiane et al., 1997). Mediated by the exocyst, a multi-protein complex containing eight 
subunits which are Sec3p, Sec5p, Sec6p, Sec8p, Sec10p, Sec15p, Exo70p and Exo84p, the 
vesicles are tethered to specific plasma membrane domains (TerBush et al., 1996; Guo et al., 
1999). Finally, the fusion of the bilayers of the secretory vesicle and the plasma membrane is 
facilitated by SNAREs (soluble N-ethylmaleimide-sensitive fusion attachment protein 
receptors). v-SNAREs on vesicles can recognize and bind to t-SNAREs on plasma membrane 
which results the final fusion of vesicle to plasma membrane (Rothman, 1994). The fusion of 
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vesicles budded from ER with Golgi membrane is also mediated by SNAREs. For membrane 
fusion to occur continuously, separate SNARE molecules have to be regenerated. This 
process is catalyzed by Sec18p, an ATPase encoded by SEC18, which works together with 
Sec17p to dissociate the SNARE complex (Sollner et al., 1993; Bonifacino and Glick, 2004). 
1.6 Actin in polarized growth 
Actin is a ubiquitous, conserved cytoskeletal element critical for many cellular processes such 
as maintaining cell polarity, cell wall integrity, serving as tracks for polarized secretion and 
contraction of actomyosin ring during cytokinesis (Goode et al., 1998; reviewed by Pruyne 
and Bretscher, 2000ii). There are two forms of filamentous actin in yeast, cortical patches and 
actin cables (Adams and Pringle, 1984). As a bud emerges, cortical patches cluster at the bud 
tip while cables extend from the mother cell into the bud. In vegetatively growing cells, both 
patches and cables redistribute randomly in the daughter cells while in mother cells the cables 
still extend into the daughter cells. At the end of vegetative growth, both in mother and 
daughter cells, the patches and cables redistribute randomly while a cytokinetic F-actin ring 
forms at the neck which will contract and disassemble in cytokinesis. After this, patches and 
cables in mother and daughter cells repolarize to the former bud neck to direct synthesis of 
cell walls (Kron and Gow, 1995; Lo et al., 1997; Madhani and Fink, 1998; Field et al., 1999; 
reviewed by Pruyne and Bretscher, 2000ii).  
The polarization of actin structures is under elaborate controls during all phases of the yeast 
life cycle. The interaction of Cdc28p with different cyclins triggers changes in polarization of 
the actin cytoskeleton and the site of secretion. Since the substrates of the Cdc28p which 
regulate this process are still unknown, the mechanism by which Cdc28p effects these 
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changes is unclear (Finger and Novick, 1998). 
1.7 Our objective 
The actomyosin ring and primary septum are found to depend on each other to facilitate 
normal cytokinesis. The actomyosin ring provides the advancing invagination into which the 
chitin septum is laid down while Chs2p is necessary for the stability of the actomyosin ring 
during contraction (Schmidt et al., 2002; VerPlank and Li, 2005). In both myo1Δ mutant and 
chs2Δ mutant, neither an invagination of the plasma membrane nor generation of the primary 
septum is observed (Schmidt et al., 2002). More details were reported recently that in 
chs2Δcells, the contractile ring could not contract normally but break abruptly at one or two 
points at the time of cytokinesis and disassemble from the broken ends (VerPlank and Li, 
2005). The actual role of Chs2p in helping the stability of actomyosin ring is still unclear. 
Lim and co-workers (2003) found that at 31℃, cdc15-2 cells exhibit cytokinesis defect and 
abnormal chitin staining indicating possible chitin deposition defects. However, whether the 
lack of septum at the neck is due to the absence of neck localization of Chs2p or improper 
contraction of actomyosin ring is still unknown. 
Previously, Chs2p was found at the mother-daughter neck only in telophase (Chuang and 
Schekman, 1996). VerPlank and Li also found that Chs2p-GFP arrives at the bud neck 
2.4+0.8 min before spindle breakdown (VerPlank and Li, 2005). However, transcription of 
Chs2p peaks earlier on G2/M (Pammer et al., 1992; Cho et al., 1998; Spellman et al., 1998). 
These observations indicate that the neck localization of Chs2p and chitin deposition could be 
tightly coordinated with late mitotic events. What determines the neck localization of Chs2p 
in late mitosis is still unclear to-date. We therefore studied the neck localization of Chs2p and 
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the relationship with MEN components and mitotic kinase. The details are reported and 
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L-Glutamic acid, 0.24g L-Histidine, 0.72g L-Leucine, 0.36g L-Lysine, 0.24g L-Methionine, 
0.6g L-Phenylalanine, 4.5g L-Serine, 2.4g L-Threonine, 0.48g L-Tryptophan, 0.36g 
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L-Tyrosine, 1.8g L-Valine, 0.24g Uracil 
SC media: 0.13% dropout powder (W/V), 0.17% YNB-AA/AS (W/V) 0.5% (NH4)2SO4 
(W/V), 2% dextrose (W/V) 
YP: 1% yeast extract, 2% Bactopeptone 
YPD: 1% yeast extract, 2% Bactopeptone2%, glucose 
YP/Raff: 1% yeast extract, 2% Bactopeptone, 2% raffinose 
YP/Raff/Gal: 1% yeast extract, 2% Bactopeptone, 2% galactose, 2% raffinose 
Solutions for colony PCR 
10×Colony PCR Buffer: 0.13 M Tris-HCl pH 8.5, 0.56 M KCl 
Solutions for Western blot 
PBSTween: 1×PBS with 0.5% Tween 
Blocking solution: PBSTween with 5% non-fat dry milk 
Primary antibody solution: PBSTween with 0.5% non-fat dry milk 
TCA solution: 50% Trichloroacetic Acid (W/V) 
YEX solution：1.85 M NaOH, 7.5% β-mercaptoethanol 
Solutions for chitin synthase II assay 
2 M H2SO4 
0.1 M MgCl2 
50 mM Tris-HCl buffer, pH 7.5 
100 mM UDP-GlcNAc in water (-20°C) 
400 mM GlcNAc in water (-20°C) 
0.5 M Tris-base adjusted to pH 6.8 with solid maleic acid 
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2 mg/ml trypsin in 50 mM Tris-HCl, pH 7.5 (-20°C) 
3 mg/ml soybean trypsin inhibitor (SBTI) in 50mM Tris-HCl, pH7.5 (-20°C) 
Blocking buffer: 20 mg/ml bovine serum albumin in 50 mM Tris-HCl, pH7.5 (-20°C) 
1 mg/ml wheat germ agglutinin in 50 mM Tris-HCl, pH7.5 (-20°C) 
1 mg/ml wheat germ agglutinin conjugated to horseradish peroxidase (HRP) (-20°C)  
100 mM NiCl2 in 100 mM Tris-HCl, pH 8.0 
100 mM CoCl2 in 5 mM Tris-maleate, pH 6.5 
2× reaction mixture for Chs2 assay: 3.2 mM CoCl2, 100 mM Tris-HCl, pH8, 80 mM 
GlcNAc+4 mM UDP-GlcNAc 
Solutions for invertase assay 
Induction medium: 1×YP, 2% sucrose, 0.05% glucose 
Stop mix: 10 mM NaN3 in 25 mM Tris-Cl, pH7.4 
Spheroplast medium: 1.4 M sorbitol, 0.1 M KPi, pH 7.5, 5 mM NaN3 
Lysis buffer: 1.67% Triton X-100 (w/v) 
2.2 Strains and yeast growth conditions 
Yeast strains (Table 1) were derived from W303a and cultured as described in below. Yeast 
cells were cultured in YPD or YPRaff/Gal medium. Synthetic complete media was prepared 
as described previously (Kaiser et al., 1994). 
Table 1 List of strains 
Name Background  Source  
US1363 MAT a leu2-3,112 trp1-1 ura3-1 can1-100 ade2-1 his3-11,15 bar1 U. Surana 
US107 MAT α cdc15-2 leu2-3,112 trp1-1 ura3-1 can1-100 ade2-1 his3-11,15 bar1 U. Surana 
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RSY263 MAT α  sec12-4 ura3-52 his4-619 R. Schekman 
RSY319 MAT α sec18-2 R. Schekman 
RSY279 MATα sec22-3 ura3-52 his4-619 R. Schekman 
NY26 MAT α sec2-59 ura3-52 P. Novick 
FM113 MAT a cdc15-2 CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3 bar1 This study 
FM119 MAT a CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3 bar1 This study 
FM143 MAT a CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3 4XGAL-SIC1-cmyc3::URA3 
bar1 
This study 
FM145 MAT a cdc15-2 CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3 
4XGAL-SIC1-cmyc3::URA3 bar1 
This study 
FM182 MAT a SEC63-CFP-SpHIS5 CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3 bar1 This study 
FM224 MAT a CLB2-YFP-SpHIS5 CHS2-CFP-SpHIS5 bar This study 
FM258 MAT a sec2-59 CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3 This study 
FM260 MAT a sec18-2 CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3 This study 
FM262 MAT a sec12-4 CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3 This study 
FM268 MAT a sec2-59 CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3         
4XGAL-SIC1-cmyc3::URA3 
This study 
FM272 MAT a sec12-4 CHS2-YFP-SpHIS5 MYO1-CFP-CaURA3 
4XGAL-SIC1-cmyc3::URA3 
This study 
FM295 MAT a chs3-KAN  4X GAL-SIC1-cmyc3::URA3 bar This study 
FM311 MAT a sec2-59 CHS2-YFP-SpHIS5 SEC63-CFP-SpHIS5 This study 
FM317 MAT a SEC63-CFP-SpHIS5 GAL-CHS2-YFP::TRP1 This study 
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FM335 MAT a SEC63-CFP-SpHIS5 GAL-CHS2-YFP::TRP1 MET-CLB2db-HA::LEU2 This study 
FM338 MAT a sec2-59 CHS2-YFP-SpHIS5 SEC7-CFP-CaURA3 This study 
FM339 MAT a sec2-59 CHS2-YFP-SpHIS5 OCH1-CFP-CaURA3 This study 
FM355 MAT a sec12-4 GAL-CHS2-YFP::TRP1 SEC63-CFP-SpHIS5 bar This study 
FM358 MAT a sec2-59 CHS2-YFP::SpHIS5  SEC13-CFP-CaURA3 This study 




2.3 Cell synchronization 
The overnight culture was diluted to 1× 107 cells/ml in YPD or YP/Raff medium. The cells 
were arrested in G1 phase in the medium containing 0.4 µg/ml α-factor for 3 h at 24℃ until 
around 80% of cells had visible mating projections. S phase arrest was induced by growing 
cells in the medium containing 0.2 M hydroxyurea for 3-4 h until around 90% of cells had 
large buds. For M phase arrest, nocodazole was added to a concentration of 7.5 µg/ml for 2 h 
followed by one more addition to a final concentration of 15 µg/ml for 3 h. Around 90% of 
cells had large buds when the arrest was ready. To release the arrest, the cells were washed by 
filtering with three to four volumes of YP buffer. 
2.4 Tagging of GFP to proteins of interest 
COOH-terminal YFP, CFP, 13myc, and HA tags were introduced by homologous 
recombination using PCR products (oligonucleotides shown on Table 2 and 3) generated from 
pKT series plasmids obtained from EUROSCARF. Details are described in below.  
2.4.1 PCR product preparation 
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Primers were designed as described by Sheff and Thorn (2004). The PCR cassette used for 
transformation is similar to other tagging constructs, with a forward PCR primer (F5) 
followed by the fluorophore to be fused to the interested gene, the S. cerevisiae ADH1 
terminator and a selection marker. The sequences used to amplify the cassettes           
are 5’-(40-mer-gene-specific sequence)-GGTGACGGTGCTGGTTTA-3’ (F5) and 
5’-(40-mer-gene-specific sequence)-TCGATGAATTCGAGCTCG-3’ (R3). With the 
corresponding template plasmids, PCR product was synthesized according to the protocols in 
section 2.5.   
2.4.2 Yeast transformation (Gietz and Woods, 2002) 
The strain to be transformed was grown overnight in 2×YPD. The cell density was measured 
the next day by reading the optical density at 660 nm. 2.5×108 cells were added into 50 ml of 
2×YPD in a 250 ml flask (final density was 5×106 cells/ml). The culture was grown further 
at 24℃ until cell density reached 2×107 cells/ml. The cells were harvested by centrifugation 
at 3000 rpm for 5 min. The cell pellet was resuspended in 25 ml of sterile water and spun 
down again. The pellet was then resuspended in 1ml of sterile water and transferred to a 1.5 
ml eppendorf tube. After centrifuging at maximal speed (13,200 rpm) for 30 s, the supernatant 
was discarded. Sterile water was added to a final volume of 1ml and the cells were 
resuspended. 100 µl aliquots were transferred into 1.5 ml tubes (1 for each transformation). 
The cells were spun down and the supernatant was discarded. T mix was prepared as 
described in the following: for per reaction, 192 µl PEG6000 (62.5%), 36 µl lithium acetate 
(1.0 M), 10 µl ssssDNA (10 mg/ml) and 88 µl water were mixed together and kept on ice till 
use. ssssDNA was heated at 99 ℃ for 10 min to denature the carrier DNA and then cooled 
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on ice for at least 10 min. Once this was done, it could go through about 4 freeze/thaw cycles 
until denaturation again. 326 µl of T mix and 34 µl of the PCR product were added into each 
tube with the cell pellet. The cells were resuspended by vortexing and incubated at 42℃ for 
40 min. After that the cells were spun down at maximal speed (13,200 rpm) for 30 s and the 
supernatant was discarded. 150 µl of sterile water was added into each tube and the cells were 
resuspended by pipetting. The cell suspension was spread on selection plates and incubated at 
24 or 30℃ till colonies appeared, which would take 3-4 days.  
2.4.3 Colony PCR for checking correct integrated clones 
Primers for checking the correct integrated clones (Table 3) were designed as described by 
Sheff and Thorn (2004). Colony PCR was carried out as described in section 2.5.  








5’ AAATATTGATAGTAACAATGCACAGAGTAAAATTTTCAGTGGTGACGGTGCTGGTTTA 3’ 
MYO1R3: 
























Table 3 List of primers for checking YFP or CFP integration 
Name Sequence 
CHS2GFPCHKFOR 5’ AGCTGCCTTTAGGGTGGTTG 3’ 
CHS2GFPCHKREV 5’ AACAGTGCGCTCTCTACCCA 3’ 
MYO1GFPCHKFOR 5' AGAAGCGAATTTGAGGAAGC 3' 
MYO1GFPCHKREV 5' CTATCGAAGGATACGGGGTG 3' 
SEC63GFPCHKFOR 5’ GGCCAGTGTTTCTCAAGATC3’ 





SEC13GFPCHKFOR 5'- GGCCAGTGTTTCTCAAGATC -3' 
SEC13GFPCHKREV 5'- GCCGGTAGAATAATTTCGCC -3' 
CLB2GFPCHKFOR 5'- TACAGTCTCGAACTCTTGCC -3' 




2.5 Polymerase Chain Reaction 
The PCR product used for transformation was synthesized as described in section 2.5.1 and 
the colony PCR was conducted according to section 2.5.2.  
2.5.1 PCR for transformation cassettes 
Table 4 PCR recipe 
Solutions Volumes (µl) 
10× long PCR buffer 5 
25 mM MgCl2 3 
2 mM dNTP 5 
Forward primer (100 mM) 0.1 
Reverse primer (100 mM) 0.1 
DMSO 2 
Template DNA 1 
Long PCR enzyme mix 0.3 
Deionised H2O to a final volume of 50 
 
Table 5 PCR cycling conditions 
Segment Temperature Duration Num. of cycles 
Initial denaturation 94℃ 1-4 min 1 
Denaturation 94℃ 1 min 
Annealing Primer Ta* 1 min 
Elongation 68℃ 60 sec/kb PCR target 
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Denaturation 94℃ 1 min 
Annealing  Primer Ta* 1 min 





Final elongation 68℃ 15 min 1 
Ta*: the annealing temperature depends on primers used 
2.5.2 Colony PCR  
2.5.2.1 Extraction of genomic DNA from colonies 
Same volume of cells from colony patches was transferred into 1.5 ml centrifuge tubes with 30 µl 
of 0.2% SDS. The suspension was vortexed vigorously at highest speed for 15 s followed by 4 
min incubation at 90℃. After centrifugation at 13,200 rpm for 1 min, the supernatant was 
transferred to fresh tubes and kept on ice or stored at -20℃ till use. 
2.5.2.2 Colony PCR 
Colony PCR was done according to the recipe in Table 6 and the cycling conditions in Table 5.  
Table 6 Colony PCR recipe 
Solutions Volumes (µl) 
10× colony PCR buffer 5 
25 mM MgCl2 3 
2 mM dNTP 5 
Forward primer (100 mM) 0.1 
Reverse primer (100 mM) 0.1 
25% Trition X-100 2 
Genomic DNA 1 
Long PCR enzyme mix 0.3 
Deionised H2O to a final volume of 50 
 
2.6 Fluorescent microscopy 
The cells were fixed in 10% formaldehyde for 4 min at room temperature. After fixation, the 
fixed cells were washed three times by 1×PBS. Alternatively, fresh cells were washed by 
1×PBS without fixation and observed directly.  
The images were taken by an Olympus 1× 81 microscope (60× oil lens, 1.5× Opitvar, 
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Olympus) with the CoolSnapHQ CCD camera (Roper Scientific).  The filter-sets were from 
Omega and Semrock. Metamorph (Molecular Devices) and Image J (NIH) were used for the 
capture and production of images. For YFP and CFP signals, exposure times were 800 ms and 
600 ms respectively. 100 cells were counted and at least three repeats were done for each 
experiment. Z-series of images were taken by Metamorph at 0.2 µm per optical section with 
30 optical sections above and below the sample. To reduce the effect of photo-bleaching, the 
exposure time of CFP was set to 200 ms. Image stacks were then deconvoluted to achieve the 
three-dimensional structure of the actomyosin rings by AutoVisualize+Auto Deblur 
(AutoQuant Imaging Inc.). Adaptive PSF (Point Spread Function) was used as the 
deconvolution method and the total iteration was set to 60. 
2.7 Time-lapse imaging 
1 ml of the cell culture was sampled and the cells spun down. The cell pellet was resuspended 
in 200 µl of SC medium. At the same time agarose pad in SC medium was prepared. Into 1 
ml of SC medium, 0.02 g agarose was added and melted at 90℃. The agarose solution was 
incubated at 70℃. 80-100 µl of agarose solution was dropped onto a clean microscope slide 
and immediately covered with a second slide. When agarose had solidified the second slide 
was pried off carefully. 4.5 µl of the cell culture in SC medium was dropped onto the agarose 
pad and covered with a cover slip. The cells were observed under microscope and the 
time-lapse images were acquired by Metamorph with a 2-min-interval. 
2.8 Western blot analysis 
3 OD600 of cells were harvested by centrifugation and resuspended in 1ml of ice-cold water. 
150 µl of YEX was added and the samples were kept on ice for 10 min. 150 µl of TCA was 
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then added followed by incubation on ice for 10 min. After centrifugation at 13,000 rpm for 5 
min at 4℃, the protein pellet was resuspended in 100 µl of 1× SDS-PAGE sample buffer. 
10-20 µl of 1 M Tris-HCl (pH8.0) was added till color returned to blue from yellow.  
Proteins were separated by SDS-PAGE, transferred to a nitrocellulose blotting membrane 
(Pall) and detected by corresponding antibodies. Anti-myc and anti-Cdc28p antibodies were 
diluted 1,000 times in primary antibody solution while anti-Clb2p was diluted 5,000 times. 
Enhanced chemiluminescence kit (Pierce) was used for the detection according to the 
instructions.  
2.9 Chitin synthase II assay 
Based on the high affinity of wheat gem agglutinin (WGA) to chitin polymers, a 
nonradioactive, high throughput assay for chitin synthase activity was described by Lucero 
and co-workers (2002). The procedure involves binding of chitin synthesized by Chs2p 
samples to a WGA-coated surface followed by detection of the polymer with a horseradish 
peroxidase-WGA conjugate. Horseradish peroxidase activity is then determined by the 
increment of absorbance at 600 nm. Chitin synthase II activity could be deduced from the 
activity of conjugated horseradish peroxidase. 
2.9.1 Coating plate wells with WGA 
WGA stock was diluted to 50 µg/ml with water and 100 µl was added to each well of the 
microplate. After incubation at room temperature for at least 16 h the WGA solution was 
removed by vigorous shaking of the plate. The remnant of WGA solution must be removed 
thoroughly by washing it at least three times by immersion in running distilled water and 
subsequent removal by vigorous shaking. Wells were then blocked by 300 µl bovine serum 
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albumin blocking buffer and incubated for 3 h at room temperature. At this stage, plates can 
be covered and stored at -20°C for over 6 months without noticeable loss of chitin binding 
activity. 
2.9.2 Chitin suspension preparation and GlcNAc content determination   
5 mg chitin powder was suspended in 10 ml of 1.7 M acetic acid and vortexed at least 15 min 
till a finely dispersed suspension was obtained. The suspension solution was sonicated 30 s 
for five times with a microprobe till it became transparent. From 0.5 mg/ml stock suspension, 
a suitable calibration curve can be obtained by using 10 µl of serial dilutions 1:10, 1:20, 1:40, 
1:80, 1:160, which contains the chitin equivalent GlcNAc of 1.845, 0.993, 0.461, 0.231 and 
0.115 nmol respectively. A calibration curve should be included in each assay.  
2.9.3 Sample collection 
The overnight culture was diluted to 1×107 cells/ml and arrested by nocodazole in YP/Raff 
medium. 2% of galactose was added into one half of the culture for the induction of Sic1p 
while 2% of glucose was added into the rest. After 90 min, both samples were collected by 
spinning at 3500 rpm for 3 min at 4℃ and washed by 20 ml of ice-cold water. After 
centrifugation, supernatant was discarded and the cell pellet was snap-frozen in liquid 
nitrogen. Frozen samples were kept at -80℃ till use.  
2.9.4 Chitin synthase II assay 
The plates stored at -20°C in blocking buffer were thawed at room temperature and emptied 
by shaking. 50 µl of complete, two-fold reaction mixture was added into the appropriate wells 
followed by the addition of water and cell fractionation samples to a final volume of 100 µl. 
For each assay, the corresponding incomplete mixture (reaction mixture without 4 mM 
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UDP-GlcNAc) was used to assess the assay background. The plates were covered and shaken 
slowly on a vortex shaker with a platform head, after which, the plates were incubated at 
room temperature for 60-90 min. 20 µl of 50 mM EDTA/EGTA was added and the plates 
were gently shaken for 30 s. 100 µl of 1 µg/ml WGA-HRP in blocking buffer was added; 
after being gently shaken, the plates were incubated for 5 to 15 min at room temperature. The 
plates were emptied by vigorous shaking and washed five times by immersion in a large 
reservoir (2 liters in this case) of running distilled water. 100 µl of peroxidase substrate was 
added and the plates were immediately placed on plate reader for reading of the optical 
density at 600 nm. The reaction was stopped by the addition of 100 µl 2 M H2SO4, and the 
optical density was read at 430 nm.  
2.10 Invertase assay  
Invertase is a yeast periplasmic enzyme which hydrolyses sucrose into glucose and fructose. 
The gene SUC2 which encodes invertase is repressed by high levels of glucose while induced 
by low levels of glucose (Ozcan et al., 1997). Induction medium containing sucrose and low 
levels of glucose was used here for the induction of invertase. 
2.10.1 Sample collection 
The overnight culture was arrested at metaphase by nocodazole at 24℃ in 30 ml of fresh 
YPD. After the arrest, optical density was measured at 600 nm. 11 OD600 of culture was taken 
and spun down followed by a wash with 3 ml of stop mix. The cells were resuspended in 5.5 
ml ice-cold stop mix again and put on ice till the assay was ready. 13 ml of the culture was 
shifted to 37℃ while the rest was still at 24℃. After 30 min, 10 ml was taken from both 
cultures and spun down. The cells were washed once with the induction medium and 
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resuspended in 10 ml of the induction medium containing nocodazole. 37℃ prewarmed 
medium was used for the culture shifted to 37℃. The induction was continued for another 
two hours. Same volume of the cells was collected and treated as described above from both 
cultures.  
2.10.2 Spheroplast preparation 
0.5 ml from 5.5 ml cell suspension was taken out and kept on ice for the assay of external 
invertase which was secreted into the periplasmic space. The rest was spun down and 
resuspended in 2 ml of spheroplast medium with 80 u of lyticase (3.34 µl from a 10 mg/ml 
stock). The suspension was incubated at 37℃ for 45 min. 3 ml of lysis buffer was added and 
the whole suspension was mixed by gently shaking for a few minutes. The lysate was kept on 
ice for total invertase assay including secreted invertase at periplasmic space and un-secreted 
invertase in cytoplasm. 
2.10.3 Sucrose conversion  
40 µl of the intact cells or lysate was taken out and combined with 35 µl of sodium acetate, 
0.1 M, pH5.0 followed by the addition of 25 µl of 0.5 M sucrose. The mixture was incubated 
at 37℃ for 20 min. Then the reaction was stopped by 150 µl of 0.2M K2HPO4 and the mixture 
was kept on ice. The mixture was boiled for 3 min. 750 µl of sterile water was added to make 
up to 1 ml. 250 µl of the mixture was taken out for glucose assay.  
2.10.4 Glucose assay 
The assay solutions were prepared according to Table 7 in test tubes. At 0 min 0.5 ml glucose 
assay reagent was added into each tube with a 30-second interval for the next addition. The 
tubes were incubated at 37℃ for exactly 30 min. The reaction was stopped by adding 0.5 ml 
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of 12 N H2SO4 into each tube at a 30-second interval followed by a careful mix. Optical 
density was measured at 540 nm. 
Table 7 Preparation for glucose assay 
 Standard 
blank (µl) 
Standard (µl) Reagent 
blank (µl) 
Test (µl) 
H2O 250 237.5 0 0 
Glucose standard 0 12.5 0 0 
Blank from sucrose 
conversion 
0 0 250 0 
Sample for test 0 0 0 250 
 
2.10.5 Activity calculation 
The amount of glucose produced from sucrose and the activity of invertase were calculated by 
the following formulas. 
mg Glucose=(∆A540 of Test)×(mg Glucose in standard)/(∆A540 of standard) 
Activity= (mg Glucose/180)×(106)×(4)×(500/40)/(20) 
The definition of one unit is the amount of enzyme at pH5.0 which hydrolyzes sucrose to 
produce 1 nmol of glucose per minute at 37℃ in one OD600 of cells. In the activity formula, 4 
means 4 times dilution before glucose assay; 500/40 means out of 500 µl from 1OD600 of cells, 
40 µl was used for the assay; 180 is the molecular weight of glucose; 20 means 20 min of 
reaction. 
2.11 Protein assay 
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2.11.1 BCA protein assay (Pierce) 
Standard samples were prepared according to Table 8. 25 µl of each standard and samples 
were transferred into microplate wells following the addition of 200 µl of working reagent 
into each well. The microplate was mixed thoroughly on vortex shaker with a platform head 
for 30 s. Then, the plate was covered and incubated at 60℃ for 30 min. After cooling to room 
temperature, the plate was read at 562 nm on a plate reader for the absorbance. The average 
562 nm absorbance measurement was subtracted by the blank standard replicates from all 
other individual standard and tested sample replicates. The standard curve was plotted using 
the average blank-corrected 562 nm measurement for each BCA standard versus its 
concentration.  
 
Table 8 Preparation of dilution for enhanced BCA protein assay 
Vial Vol. of diluent (µl) Vol. of BSA(µl) BSA final con. 
(µg/ml) 
A 70 10 from stock 250 
B 40 40 from A 125 
C 45 30 from B 50 
D 40 40 from C 25 
E 40 10 from D 5 
F 40 0 0 
 
2.11.2 Bio-Rad Protein Assay (Bio-Rad) 
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1 part of Dye Reagent Concentrate was diluted with 4 parts of distilled, deionized water. Four 
protein standards of 0.5 mg/ml, 0.25 mg/ml, 0.1 mg/ml and 0.05 mg/ml, were prepared from a 
2 mg/ml BSA stock. 10 µl of each standard and samples were pipetted into microplate wells. 
200 µl of diluted dye reagent was added to each well. The sample was mixed by a vortex 
shaker with a platform head. The plate was incubated at room temperature for at least 5 min. 











































3.1 The actomyosin ring does not keep intact even in the presence of Chs2p-YFP at the 
neck 
Recently, VerPlank and Li (2005) showed that Chs2p or the chitin it synthesizes can help the 
actomyosin ring overcome the turgor pressure on plasma membrane. Without Chs2p, the ring 
can not contract properly (VerPlank and Li, 2005). Lim and co-workers (2003) found in 
cdc15-2 cells, cytokinesis could not be executed properly at 31℃ and the actomyosin ring 
persisted longer at the neck in mutant cells than in wild-type cells. However, they did not 
show whether Chs2p could localize to the neck at 31℃. We were curious if the cytokinesis 
defect in cdc15-2 cells was due to the lack of Chs2p at the neck which results in the improper 
contraction of actomyosin ring. Wild type (FM119) and cdc15-2 mutant (FM113) cells 
carrying CHS2-YFP MYO1-CFP were used to address this question. Cells were arrested in G1 
phase by α-factor in YPD at 24℃ and released into 31.5℃ prewarmed YPD. From 60 min 
on, samples were collected every 5 min for fluorescent images and Western blot analysis. The 
results showed that in wild-type cells Chs2p-YFP could be observed at the neck (Fig. 1Ai) at 
a peak of 17.67+ 1.53% at 75 min after release (Fig. 1Aii). In mutant cells there were 
22.00+3.60% of cells with Chs2p-YFP neck signals (Fig. 1Bi) at 95 min after release 
(Fig.1Bii). The low percentage of cells with Chs2p-YFP neck signals in both wild-type and 
mutant cells may be due to the dynamics of Chs2p-YFP localization to the neck and transport 
away from the neck. Further analysis of the Chs2p-YFP dynamics was described in the next 
section. Though the peak percentage is very close in both cases, the actomyosin ring and 
Chs2p-YFP persisted much longer at the neck in mutant cells than in wild-type cells (Fig. 
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1Aii, 1Bii). Does the long persistence mean a contraction defect of actomyosin ring even in 
the presence of Chs2p? We examined this question from the integrity of the actomyosin ring 
by analysis of its 3-D structure. FM119 and FM113 cells were arrested in G1 at 24℃ and 
released into 31.5℃. Z-analysis was taken for the actomyosin rings in the cells with 
Chs2p-YFP at the neck, and the stacked images by z-analysis were deconvoluted to construct 
the 3-D structures. From three sets of experiments, 56 3-D images were analyzed for cdc15-2 
mutant cells while 32 for wild-type cells. However, 35.70% of mutant rings were broken 
while 50.00% of wild-type rings were broken (Fig. 1C). It seemed the actomyosin ring was 
not always kept intact even in the presence of Chs2p. 
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Figure 1 Chs2p-YFP localizes to the mother-daughter neck in wild-type cells and cdc15-2 
mutant cells at 31.5℃. (A) Wild-type cells carrying CHS2-YFP MYO1-CFP were released 
from α-factor arrest at 31.5℃. Samples were collected every 5 min from 60 min on. (i): the 
fluorescent images showing the neck localization of Myo1p-CFP and Chs2p-YFP; (ii): the 
percentage of cells showing Chs2p-YFP signals co-localizing with Myo1p-CFP neck signals. 
(B) cdc15-2 mutant cells carrying CHS2-YFP MYO1-CFP were released from α-factor arrest 
at 31.5℃. Samples were collected every 5 min from 60 min on. (i): the fluorescent images 
showing the neck localization of Myo1p-CFP and Chs2p-YFP; (ii): the percentage of cells 
showing Chs2p-YFP signals co-localizing with Myo1p-CFP neck signals. (C) 3-D structures 
of actomyosin rings of wild-type cells (FM119) and cdc15-2 mutant cells (FM113) which 
were released from α-factor arrest at 31.5℃.  
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3.2 Chs2p-YFP localization to the neck correlates with mitotic exit 
From the above experiment, Chs2p-YFP was observed to localize to the mother-daughter 
neck at 31.5℃ (Fig. 1Ai, 1Bi). We then checked the appearance of Chs2p-YFP at the neck 
over one cell cycle at 24℃ in wild-type cells to understand more about its cell cycle 
regulation. FM119 cells were released from α-factor arrest at 24℃. Samples were collected 
every 15 min for fluorescent images and Western blot analysis. Chs2p-YFP was found at the 
mother-daughter neck with a peak of 17.33+ 2.52% at 105 min after releasing (Fig. 2Ai, ii). 
Compared with the release at 31.5℃, the peak time was about 30 min later which may be 
due to the lower temperature. Mutant cells (FM113) were also released from α-factor arrest at 
24℃. Chs2p-YFP was also observed at the neck with a peak of 16.00+3.46% at 120 min after 
releasing (Fig. 2Bi, ii). In fact, at 105 min, there were already 13.67+ 3.79% of cells with 
Chs2p-YFP signals at the neck (Fig. 2Bii). From the images and Western blot analysis, a 
close correlation was found between the appearances of Chs2p-YFP at the neck with the 
decreasing of Clb2p level. Clb2p level peaked at 90 min and began to decline from then on 
while Chs2p-YFP began to appear at the neck from 90 min on (Fig. 2Aiii, 2Biii). From the 
time lapse sequences with a 2-minute interval, Chs2p-YFP was found to stay at the neck only 
around 8-10 minutes after its appearance (Fig. 2C). These findings are consistent with the 
previous work that Chs2p localized at the neck in late telophase (Chuang and Schekman, 
1996; Schmidt et al., 2002). VerPlank and Li (2005) also showed that the neck localization of 
Chs2p was about 2.4+ 0.8 min before spindle disassembly. Since the physical destruction of 
Clb2p means the exit from mitosis, the relationship between mitotic exit and the neck 
localization of Chs2p-YFP was further examined. 
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Figure 2 Localization of Chs2p-YFP to the mother-daughter neck in wild-type cells and 
cdc15-2 mutant cells correlates with mitotic exit. (A) Wild-type cells carrying CHS2-YFP 
MYO1-CFP were released from α-factor arrest. Samples were collected every 15 min. (i): the 
fluorescent images showing the neck localization of Myo1p-CFP and Chs2p-YFP; (ii): the 
percentage of cells showing Chs2p-YFP signals co-localizing with Myo1p-CFP neck signals; 
(iii): the Western blot analysis of Clb2p and Cdc28p levels. (B) cdc15-2 mutant cells carrying 
CHS2-YFP MYO1-CFP were released from α-factor arrest. Samples were collected every 15 
min. (i): the fluorescent images showing the neck localization of Myo1p-CFP and Chs2p-YFP; 
(ii): the percentage of cells showing Chs2p-YFP signals co-localizing with Myo1p-CFP neck 
signals; (iii): the Western blot analysis of Clb2p and Cdc28p levels. (C) A typical montage of 
time-lapse images at 2-min intervals showing Chs2p-YFP neck localization and Myo1p-CFP 
contraction at 24℃.  
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3.3 Neck localization of Chs2p-YFP depends upon Cdc15p’s role in promoting exit from 
mitosis 
Next we used cdc15-2 CHS2-YFP MYO1-CFP (FM113) cells to check the relationship 
between mitotic exit and Chs2p-YFP neck localization. cdc15-2 cells are temperature 
sensitive and would be arrested in telophase at 37℃. FM113 cells were arrested in telophase 
by shaking at 37℃ for 3 hr. At this time no Chs2p-YFP neck signals were found while 
Myo1p-CFP was maintained at the neck (Fig. 3Ai). Then one half of the culture was shifted 
to 24℃ and the other half was left at 37℃ to serve as the control. Every 30 min, samples 
were collected for fluorescent images and Western blot analysis. The results showed that 
Chs2p-YFP signals were found at the neck in the culture shifted to 24℃ after only 30 min 
(data not shown). At 60 min, a peak of 33.67+4.93% of cells showed clear Chs2p-YFP neck 
signals in the released culture (Fig. 3Aiii, 3B) while no signals observed in the telophase 
arrested culture (Fig. 3Aii, 3B). The neck localization of Chs2p-YFP is therefore downstream 
of Cdc15p function. Another question was whether the Cdc15p was involved in the neck 
localization of Chs2p-YFP besides its role of promoting mitotic exit. cdc15-2 CHS2-YFP 
MYO1-CFP 4XGAL-SIC1myc (FM145) cells were arrested in telophase by shaking at 37℃ in 
YP/Raff medium for 4 hr. Gal was added to one half of the culture to a final concentration of 
4% to induce the expression of Sic1p. At metaphase, the induction of Sic1p, an inhibitor of 
the mitotic kinase, caused a decrease in the mitotic kinase activity. Chs2p-YFP was found at 
the neck with a peak of 23.49+7.71% at 90 min after induction (Fig. 4Aii, 4B). In the culture 
remained in Raff only 0.61+0.54% of cells had the neck signals (Fig. 4Aiii, 4B). The 
significant difference between induced and un-induced samples showed even without the 
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normal function of Cdc15p, Chs2p-YFP could still localize to the neck in the case of exit 
from mitosis.  
 
Figure 3 Localization of Chs2p-YFP is downstream of Cdc15p function. (A) (i): cdc15-2 
CHS2-YFP MYO1-CFP cells were arrested in telophase at 37℃; (ii): cells maintained at 37℃; 
(iii): cells released from 37℃ to 24℃. (B) Percentage of cells showing Chs2p-YFP neck 
signals in cells maintained at 37℃ compared to cells released to 24℃. (C) Western blot 
analysis showing Clb2p and Cdc28p levels of cycling (cyc) cells and cells at selected 
time-points after release from arrest at 37℃. 
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Figure 4 Chs2p-YFP localizes to the mother-daughter neck in telophase-arrested cells 
over-expressing Sic1p. (A) (i): cdc15-2 CHS2-YFP MYO1-CFP GAL-SIC1MYC cells arrested at 
37℃; (ii): cells maintained at 37℃ without Gal addition; (iii): cells maintained at 37℃ with 
Gal for 120 min. (B) Percentage of cells showing Chs2p-YFP neck signals in Raff versus Gal 
cultures. (C) Western blot analysis showing Sic1p induction and Cdc28p levels. 
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3.4 Chs2p-YFP can localize to the neck prematurely by the forced reduction of mitotic 
kinase in metaphase 
In telophase Chs2p-YFP could be translocated to the neck by the induction of Sic1p (Fig. 
4Aiii). We wondered if this could happen earlier such as in metaphase. The cells with 
CHS2-YFP MYO1-CFP 4XGAL-SIC1myc (FM143) were used to address this question. The 
cells were arrested in metaphase in YP/Raff medium with nocodazole at 24℃. Then one half 
was added with Gal to a final concentration of 2% while the other half remained in Raff. 
After 90 min of induction, 51.89+8.89% of cells had Chs2p-YFP neck signals (Fig. 5Aiii; 5B). 
In the medium remained in Raff, only 2.00+1.73% of cells had the signals (Fig. 5Aii; 5B). 
The significant difference clearly indicated that mitotic exit was enough to trigger the neck 
localization of Chs2p-YFP even prematurely in metaphase. Besides this, in the cells arrested 
in metaphase, a kind of perinulcear structure was found which was likely to be the 
localization of Chs2p-YFP at ER (Fig. 5Ai). This will be discussed in the next section.  
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Figure 5 Premature neck localization of Chs2p-YFP at metaphase depends solely on mitotic 
exit. (A) (i): CHS2-YFP MYO1-CFP GAL-SIC1MYC cells arrested in metaphase by nocodazole; 
(ii): cells without Gal induction of Sic1p for 90 min; (iii): cells with Gal induction of Sic1p 
for 90 min. (B) Percentage of cells showing Chs2p-YFP neck signals. (C) Western blot 
analysis showing Sic1p induction and Cdc28p levels. 
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3.5 Chs2p-YFP localizes to the ER in metaphase 
Chs2p was previously suggested to localize to the ER before its translocation to the neck by a 
biochemical analysis (Chuang and Schekman, 1996). The perinulcear structures we found in 
metaphase and telophase arrested cells were quite likely to be Chs2p-YFP localized to the ER. 
ER marker Sec63p was used here to confirm this. The cells with CHS2-YFP MYO1-CFP 
SEC63-CFP (FM182) were arrested in metaphase by nocodazole at 24℃. Then the arrested 
cells were released by washing into fresh YPD without nocodazole. From the images we 
could see more than 90% of metaphase-arrested cells had the colocalization of Chs2p-YFP 
with Sec63p-CFP (Fig. 6A, top panel; 6B). After releasing, more and more Chs2p-YFP 
signals were found to colocalize with Myo1p-CFP at the neck with the lapse of time (Fig.6A, 
middle panel; Fig. 6B) which was consistent with the previous reports (Chuang and 
Schekman, 1996). 
We next tested if the ER localization of Chs2p-YFP was an artifact due to the long time 
arresting in metaphase. Because of the dynamics of Chs2p synthesis and transportation, it was 
not easy to detect the ER localization of Chs2p in normal cell cycle at 24℃. FM182 cells 
were arrested in S phase by hydroxyurea which was much earlier than metaphase and released 
into 16℃ to slow down the metabolic activity of the cells. At 270 min after releasing, 
Chs2p-YFP was clearly observed to colocalize with Sec63p-CFP (Fig 6A, bottom panel). We 
therefore showed that the Chs2p-YFP was really translocated from ER to the neck through 
cell cycle.   
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Figure 6 Chs2p-YFP localizes to the ER in metaphase. (A) Top panel: CHS2-YFP 
SEC63-CFP MYO1-CFP cells were arrested in metaphase by nocodazole at 24℃. Middle 
panel: cells were at 100 min after release from nocodazole arrest at 24℃. Bottom panel: cells 
were synchronized with HU and released into 16℃ at 270 min. (B) percentage of cells 
showing Chs2p-YFP signals that co-localized with either Sec63p-CFP or Myo1P-CFP signals 
after release from nocodazole arrest at 24℃. 
 46 
3.6 Chs2p-YFP localizes to the neck via secretory pathway 
Since we have shown Chs2p-YFP was synthesized in the ER at metaphase and appears at the 
mother-daughter neck in late telophase, how does the translocation occur? Three temperature 
sensitive mutants, sec12-4, sec18-2 and sec2-59 and wild-type cells carrying CHS2-YFP 
MYO1-CFP were used to test if the translocation was via COPII-mediated secretory pathway. 
All the strains were arrested at 24℃ at metaphase by nocodazole. Once arrested, cells were 
washed with 4 volumes of YP and resuspended in 37℃ prewarmed YPD. The results showed 
that Chs2p-YFP could be clearly observed at ER in all the four strains when arrested at 24℃ 
(Fig. 7A Noc panels). When released into 37℃ , only wild-type cells (FM119) had 
Chs2p-YFP neck signals with a peak of 44.26+11.67% at 50 min (Fig.7Ai; 7B). The sec 
mutants failed to translocate Chs2p-YFP to the neck. In sec12-4 (FM262) cells upon release, 
majority of cells still had clear ER signals which were consistent with the role of Sec12p in 
the secretory pathway (Fig. 7Aii). Since Sec12p is responsible for the budding of vesicles 
from ER, inactivation of Sec12p could result a block of secretion of Chs2p at the ER. In 
sec18-2 cells when released (FM260), there were some punctate spots in the cytoplasm 
besides ER signals, which may be because Sec18p is also involved in transport from ER to 
Golgi (Fig. 7Aiii). In sec2-59 cells when released, ER signals decreased obviously with an 
increase of punctate spots which were the post-Golgi secretory vesicles containing 
Chs2p-YFP with the lapse of time. Around 50 min, no clear ER signals could be observed 
while the released cells were full of punctate spots (Fig. 7Aiv). This must be the result of the 
inactivation of Sec2p. Sec2p is involved in post-Golgi traffic at an earlier step for the 
polarized delivery of vesicles to the site of exocytosis. Without it, Chs2p-YFP was trapped 
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inside the vesicles and could not be transported to the targeted plasma membrane at neck. 
Though there were still a percentage of 3.56+1.40% cells with neck signals which were 
diffused and broad, it may be the incomplete inactivation of Sec2p at the early stage of 
releasing. From Western blot analysis, Clb2p in all the four strains began to decrease around 
40 min after releasing at 37℃ (Fig. 7A lower panels). However, only wild-type cells had 
Chs2p-YFP neck signals with a peak at 50 min. This is consistent with previous finding that 
Chs2p-YFP localized to the mother-daughter neck upon mitotic exit. From the above 
experiments we could see the translocation of Chs2p-YFP during mitotic exit was via the 
COPII-mediated secretory pathway. 
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Figure 7 Chs2p-YFP neck localization depends on secretory pathway. (A) Wild-type and sec 
mutant cells were arrested in metaphase by nocodazole (Noc) and released into 37℃. Top 
panel: images showing Chs2p-YFP; Bottom panel: Western blot analysis for Clb2p and 
Cdc28p levels. (B) Percentage of cells showing Chs2p-YFP neck signals at selected time 
points after release from nocodazole. 
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3.7 Export of Chs2p-YFP out of the ER requires mitotic kinase destruction 
Next we tested how the decrease of mitotic kinase affects the transportation of Chs2p-YFP 
along the secretory pathway. sec12-4, sec2-59 and wild-type cells with CHS2-YFP 
MYO1-CFP 4XGAL-SIC1MYC were used for addressing this question. After the cells were 
arrested at 24℃ in YP/Raff medium by nocodazole, they were washed into 37℃ prewarmed 
YP/Raff medium with nocodazole. One half of the culture was added with Gal to 4% while 
the other half remained in Raff to act as the control. Chs2p-YFP signals at the ER were 
clearly observed in metaphase-arrested cells at 24℃ (Fig. 8A top panels). In wild-type cells 
(FM143), after 60 min of Sic1p induction, a peak of 36.67+6.03% cells had Chs2p-YFP neck 
signals in the culture supplemented with Gal while in the other half only 9.00+6.08% of cells 
had (Fig. 8Ai middle and bottom panels, 8B). The peak percentage of Chs2p-YFP neck 
signals was lower than that at room temperature since the inhibition of mitotic kinase by 
Sic1p at 37℃ was not as efficient as at 24℃ by our previous observations (data not shown). 
But the difference between Sic1p induced cells and un-induced cells is still significant. In 
sec12-4 cells (FM272), only 2.33+1.53% of cells had Chs2p-YFP neck signals in the Sic1p 
induced cell and 0.67+0.58% in the un-induced cells. Consistent with the role of Sec12p as 
described previously, FM272 cells exhibited clear ER signals even in the culture after 60 min 
of Sic1p induction (Fig. 8Aii, middle and bottom panels, 8B). In sec2-59 cells (FM268), there 
were 12.00+2.00% of cells with Chs2p-YFP neck signals while in the un-induced culture, 
only 2.67+0.58% of cells had (Fig. 8Aiii, middle and bottom panels, 8B). Similar to the 
Chs2p-YFP neck signals appeared in sec2-59 cells released from nocodazole arrest into 37℃, 
some of the neck signals were diffused and broad which may also be the results of incomplete 
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inactivation of sec2-59p during the early part of Gal induction. Unlike the sec12-4 cells, the 
sec2-59 cells exhibited punctate spots which were the post-Golgi secretory vesicles 
containing Chs2p-YFP instead of ER signals at 60 min after Sic1p induction (Fig. 8Aiii 
bottom panel). The results showed that Sic1p induced Chs2p-YFP neck localization was 
abolished in sec12-4 mutant which supported the notion that the mitotic exit normally served 
to trigger the export of Chs2p-YFP from ER in a Sec12p-dependent manner. 
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Figure 8 Induction of Sic1p fails to cause neck localization of Chs2p-YFP in secretory 
pathway mutants. (A) Wild-type (i), sec12-4 (ii) or sec2-59 (iii) cells carrying CHS2-YFP 
MYO1-CFP GAL-SIC1MYC cells were maintained in nocodazole (Noc) with (Gal) or without 
Gal induction (Raff) of Sic1p for 60 min at 37℃. (B) Percentage of cells showing Chs2p-YFP 
neck signals.  
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3.8 Further evidence that Chs2p-YFP is restrained at the ER in the presence of high 
kinase 
It’s known that the changes of Cdc28p activity drive the changes of actin polarity (Pruyne and 
Bretscher, 2000i). During G1-S transition, Cdc28p complexes with the G1 cyclins and 
polarizes the cytoskeleton for bud emergence; In G2-M, the appearance of the B cyclins 
counters the G1 cyclins and depolarizes actin during vegetative budding. In late cell cycle, 
cyclin is degraded with the inactivation of Cdc28p which triggers cytokinesis and 
repolarization of actin cytoskeleton to the bud neck (Lew et al., 1997; Pruyne and Bretscher, 
2000i). Since secretory vesicles are delivered by Myo2p along actin cables (Pruyne and 
Bretscher, 2000i), another possibility for the lack of Chs2p neck signals is the random 
distribution of actin at metaphase instead of the prevention of exiting from ER by high mitotic 
kinase. For example, in metaphase, Chs2p-YFP vesicles were budding out of the ER. At the 
same time the newly synthesized Chs2p-YFP was also inserted into ER continuously. By this, 
Chs2p-YFP looked like to be restrained at the ER. However, the budded vesicles could not be 
delivered to the neck but delocalized within the cells due to the depolarization of actin. Once 
cells were released from metaphase arrest or high kinase was reduced by the overexpression 
of Sic1p, actin cables would re-direct to the neck and all the delocalized Chs2p-YFP vesicles 
would be delivered to the neck.  
To exclude the possibility described above, sec2-59 CHS2-YFP MYO1-CFP (FM258) mutant 
cells were used. If the vesicles continue exiting from the ER in metaphase, punctate spots 
could be accumulated and detected when the secretory pathway is blocked in the post-Golgi 
stage and not fused to the plasma membrane due to the sec2-59 mutation. FM258 cells were 
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arrested at metaphase by nocodazole at 24℃. Then the cells were washed into 37℃ 
prewarmed YPD medium with nocodazole for half an hour to inactivate sec2p-59. After that, 
half of the culture was washed into 37℃ prewarmed YPD medium without nocodazole while 
the other half remained with the presence of nocodazole. From Fig. 9A, we could see the 
sec2-59 cells were full of punctate spots at 60 min after releasing from nocodazole arrest (Fig. 
9Aii) while in the culture with nocodazole, cells still had clear ER signals without punctate 
spots (Fig. 9Ai). In wild-type cells, released cells showed Chs2p-YFP neck signals at 30 min 
and the degradation spots afterwards (Fig. 9Bii) while arrested cells with clear ER signals 
(Fig. 9Bi). Surprisingly we found some intense areas which were not secretory vesicles in 
these cells (Fig. 9Ai 90 min, white arrow). To check if they were Chs2p-YFP localized at 
Golgi, we used cells carrying SEC7-CFP or OCH1-CFP in the sec2-59 background (FM338, 
FM339). Sec7p and Och1p are markers for late and early Golgi. Analogous experiments were 
done and no co-localization was found between the intense areas with Sec7p or Och1p (Fig. 
10A, B). Interestingly, partial colocalization was detected between the intense areas with 
Sec13p-CFP which indicated Chs2p-YFP maybe accumulate more at the ER exit sites (Fig. 
10D, white arrows). The actual mechanism is still unknown to us.   
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Figure 9 Wild-type and sec2-59 mutant cells arrested in metaphase restrain Chs2p-YFP at the 
ER at 37℃. (A) sec2-59 cells were arrested in metaphase by nocodazole at 24℃ and shifted 
to 37℃ with nocodazole (i) or without nocodazole (ii). (B) Wild-type cells were arrested in 
metaphase by nocodazole at 24℃ and shifted to 37℃ with nocodazole (i) or without 
nocodazole (ii). 
 55 
Figure 10 Intense areas of Chs2p-YFP do not co-localize with Sec7p-CFP or Och1p-CFP but 
partially co-localize with Sec13p-CFP. (A) Wild field images and spinning disk images of 
Chs2p-YFP and Sec7p-CFP. (B) Wild field images and spinning disk images of Chs2p-YFP 
and Och1p-CFP. (C) Wild field images and spinning disk images of Chs2p-YFP and 
Sec13p-CFP. (D) Partially co-localization of Chs2p-YFP with Sec13p-CFP.  
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3.9 The restraint on ER exit in the presence of high kinase is specific to Chs2p-YFP and 
not other cargoes 
Another question needs to be answered is whether high kinase prevented the secretion of all 
the cargoes instead of Chs2p specifically. Invertase secretion was next examined as a control 
to address this question. Invertase is known to be secreted to the cell surface along the 
secretory pathway during mitosis (Makarow, 1988). SUC2, the gene encoding invertase, is 
repressed by high levels of glucose while low levels of glucose are required for its maximal 
transcription (Ozcan et al., 1997). In de-repressed wild-type cells, invertase is mainly outside 
the cell. In the secretion pathway mutant cells, invertase remains largely within the cell 
(Kaiser and Botstein, 1986; Brennwald et al., 1994). Wild-type cells (FM119) and sec12-4 
cells (FM262) were arrested at metaphase by nocodazole in YPD medium at 24℃. Once 
arrested, cells were washed into fresh YP medium with 0.05% glucose and 2% sucrose 
(induction medium) for the induction of invertase in the presence of nocodazole. After one 
hour of induction, half of the culture was washed into 37℃ prewarmed induction medium 
with nocodazole and the other half was still kept at 24℃. Samples were collected for images 
and invertase assay. From Fig. 11Aii, Bii we could see in the un-induced cells, the invertase 
activity was very low for both external and total assays. After induction, both wild-type and 
sec12-4 mutant cells at 24℃ had quite high external invertase activities (Fig. 11Aii, Bii). 
While at 37℃ sec12-4 cells had much less invertase activities outside compared with 
wild-type cells which means the secretion of invertase was blocked in this case (Fig. 11Aii, 
Bii). The above experiments showed the secretion of invertase did not stop in cells at 
metaphase which is consistent with previous report by Makarow (1988). From the images 
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taken at the same time, Chs2p-YFP was clearly found at ER instead of being at the neck (Fig. 
11Ai 24℃, 37℃; Bi 24℃, 37℃). The prevention only occurred to Chs2p-YFP.  
 
Figure 11 Chs2p-YFP is restrained at the ER but invertase is continuously secreted outside in 
metaphase-arrested cells. A(i): images showing Chs2p-YFP ER localization in wild-type cells; 
(ii): external and total invertase activities before and after induction. B(i): images showing 
Chs2p-YFP ER localization in sec12-4 mutant cells; (ii): external and total invertase activities 
before and after induction.  
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3.10  Expressed Chs2p-YFP in G1 could not be restrained at the ER 
We have shown high mitotic kinase could restrain Chs2p-YFP at the ER. We next tested 
whether Chs2p-YFP would be released outside the ER if Chs2p-YFP is over-expressed in G1 
where mitotic kinase activity is at its lowest. FM355 cells which carry SEC63-CFP 
GAL-CHS2-YFP::TRP1 in sec12-4 background were arrested at G1 phase by α-factor in 
YP/Raff medium at 24℃. After arrest, cells were shifted to 37℃ for half an hour followed by 
addition of Gal to 4% for the induction of Chs2p-YFP. After induction for 2 hr, one half was 
washed into YPD medium at 24℃ while the other half was remained at 37℃. α-factor was 
present in the whole process to keep cells at G1 phase. After two hours of induction at 37℃, 
some cells had clear ER signals which colocalized with Sec63p-YFP signals (Fig. 12Ai). 
However, not all cells showed clear Chs2p-YFP ER signals, indicating the induction in G1 
was not uniform (Fig. 12Ai). In the culture shifted from 37℃ to 24℃, some cells exhibited 
punctate signals, the vesicles containing Chs2p-YFP in the cytoplasm which did not 
colocalize with Sec63p-CFP. After 2 hr, no clear ER signals could be observed anymore (Fig. 
12Aii). In the cells left at 37℃, even after 2 hr, Chs2p-YFP could still be observed at the ER 
(Fig. 12Aiii). The results showed in G1 phase, Chs2p-YFP could not be restrained at the ER 
which is consistent with our idea that a high mitotic kinase prevented Chs2p’s export from the 
ER. 
If high mitotic kinase was also forced to constitute in G1 cells, would Chs2p-YFP be 
restrained at the ER? FM360 cells were used here which carry GAL-CHS2-YFP::TRP1 and 
GAL-CLB2dbΔ::LEU2 in sec12-4 background. Over-expression of non-degradable 
Clb2p-dbΔ could reconstitute high mitotic kinase in G1 cells. FM360 cells were arrested at 
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G1 stage by α-factor at 24℃ and Gal induction was carried out at 37℃. After induction for 2 
hr, half of the culture was washed into YP/Raff medium at 24℃ while the other half was left 
at 37℃. From Western blot analysis, non-degradable Clb2p-dbΔ was expressed in G1 cells 
which constituted high mitotic kinase (Fig. 12C). But Chs2p-YFP was still detected outside 
ER which means high kinase could not prevent the exiting of Chs2p-YFP from ER at phases 
other than mitosis (Fig. 12Bii, iii). We propose an unknown inhibitor expressed at metaphase 
which could prevent the exiting of Chs2p-YFP from ER in the presence of high mitotic kinase. 




Figure 12 Chs2p-YFP could not be restrained at ER in G1 cells even with a constitution of 
Clb2p. (A) sec12-4 GAL-CHS2-YFP::TRP cells were arrested at G1 by α-factor at 24℃. (i): 
Chs2p-YFP was induced by the addition of Gal for 2 hr at 37℃. (ii): half of the culture was 
shifted to 24℃; (iii): the other half was left at 37℃. (B) sec12-4 GAL-CHS2-YFP::TRP 
GAL-CLB2dbΔ::LEU2 cells were arrested at 24℃ by α-factor. (i): induction of Chs2p-YFP 
was carried at 37℃. (ii): culture was shifted to 24℃ for 30 min. (iii): culture was shifted to 

























4.1 Integrity of the actomyosin ring may not be necessary for the completion of 
cytokinesis 
Schmidt and co-workers (2002) found that the contraction of the actomyosin ring and 
formation of the chitin primary septum were interdependent on each other. It is not difficult to 
understand the requirement of chitin primary septum on the contraction of actomyosin ring 
since the ring provides the advancing invagination into which the chitin septum is laid down 
(Schmidt et al., 2002). The dependence of the contraction of actomyosin ring on primary 
septum was proposed that the growing primary septum could provide a stabilizing force to 
prevent the plasma membrane from retracting, thereby to close the gap between mother and 
daughter cells gradually (Schmidt et al., 2002; Cabib, 2004). The details of this requirement 
were recently revealed that without Chs2p at the neck, actomyosin ring could not remain 
intact during cytokinesis (VerPlank and Li, 2005). This observation explains the previous 
finding that the deletion of CHS2 leads to abnormalities in Myo1p ring contraction (Schmidt 
et al., 2002). Studies with S. pombe also suggest that the actomyosin ring requires septum 
formation for its ability to contract (Jochova et al., 1991; Liu et al., 1999). It is proposed that 
in yeast, the contractile force of the ring may not be sufficient to counteract the turgor 
pressure of the cell without cell wall formation (Schmidt et al., 2002; Cabib, 2004). However, 
in Saccharomyces cerevisiae, cells defective in either primary septum or the ring contraction 
could still complete cytokinesis although the septum formed is abnormal which results in 
some cell division problems (Rodriguez and Paterson, 1990; Shaw et al., 1991; Bi et al., 1998; 
Schmidt et al., 2002). In S. pombe, both events are required for cytokinesis (Le Goff et al., 
1999; Liu et al., 1999). A defect in either is lethal, which may be caused by the lack of chitin 
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in the wall of vegetative cells (Arellano et al., 2000) or by the larger distance that the salvage 
septa would have to close the gap in the cigar-shaped cells (Schmidt et al., 2002).  
cdc15-2 mutant cells were reported to have some problems at the contraction of actomyosin 
ring at semi-permissive temperature (Lim et al., 2003). We wondered whether this is because 
the absence of Chs2p at the neck which results in improper contraction of the actomyosin ring 
as reported by VerPlank and Li (2005). We found cdc15-2 mutant cells had no problem at the 
neck localization of Chs2p at semi-permissive temperature (Fig. 1B). But Chs2p-YFP and the 
actomyosin ring persisted much longer at the neck in mutant cells than in wild type cells 
(Fig.1Aii, Bii). We also found the actomyosin ring could not be kept intact in both cdc15-2 
mutant cells and wild type cells. 35.70% of mutant rings and 50.00% of wild type rings were 
broken even with the presence of Chs2p at the neck (Fig. 1C). However, even actomyosin 
ring is not intact in some cases wild-type cells could still undergo cytokinesis properly and 
not form chains of cells. But in cdc15-2 mutant cells, there is a cytokinesis defect which 
results in a formation of large clumps (Lim et al., 2003; our data, not shown). Interestingly, a 
certain percentage of mutant cells were found to have double or triple actomyosin rings (Fig. 
1Bii) indicating cells entered another cell cycle without completion of previous cytokinesis. It 
is reported that cytokinesis could complete in cells with myo1Δ but with some cell division 
defects (Watts et al., 1987; Rodriguez and Paterson, 1990; Bi et al., 1998; Schmidt et al., 
2002). The reason why wild-type cells could undergo cytokinesis properly without any 
division problem but cdc15-2 mutant cells have cytokinesis defect when actomyosin ring 
could not be kept intact is still unknown to us. It is known that some MEN kinases are 
involved in cytokinesis (see introduction). Our observation that with the induction of Sic1p in 
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metaphase-arrested cells, the actomyosin ring did contract (data not shown) is also consistent 
with the previous findings. One possibility is that the contraction of actomyosin ring may be 
initiated by some MEN kinases such as Dbf2p. These kinases may also be involved in the 
phosphorylation and degradation of some factors which inhibit actomyosin ring ingression 
and chitin laying down by Chs2p. Hof1p is one potential target whose existence may inhibit 
the contraction of actomyosin ring (Blonde et al., 2005). These kinases could be transported 
to the mother-daughter neck in wild type cells but not in mutant cells with the inactivation of 
mitotic kinase at semi-permissive temperature (Lim et al., 2003). In wild-type cells, the 
degradation of the inhibitors and contraction of actomyosin ring are indeed initiated by the 
MEN kinases translocated at the neck. Though some actomyosin rings are broken in the 
process of contraction, due to the fast dynamics, the contraction still provides the invagination 
direction along which chitin could still be laid down to form a normal primary septum. But in 
cdc15-2 mutant cells, neither the contraction nor the degradation happens. There are no 
invagination and space provided to guide the laying down of chitin by Chs2p for the 
formation of primary septum which results in the defect of cytokinesis. More work on 
analysis of actomyosin ring dynamics and searching for targets of MEN kinases need to be 
done to address this question. 
4.2 Timely localization of Chs2p-YFP at the mother-daughter neck via COPII mediated 
secretory pathway is under the control of mitotic kinase activity 
Cytokinesis is the last event of the cell cycle which divides one cell into two cells. In different 
organisms this event varies, but the major events are conserved. In budding yeast, the major 
events including membrane addition, actomyosin ring contraction and septum construction 
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are under very strict regulation. To study these regulations will give us a much clearer 
understanding of cytokinesis.  
Membrane addition at the cleavage furrow which comes from targeted vesicular transport and 
fusion is required for cytokinesis in Xenopus eggs, Drosophila and Caenorhabditis elegans 
embryos (Byers and Armstrong, 1986; Jantsch-Plunger and Glotzer, 1999; Skop et al., 2001; 
Shuster and Burgess, 2002; Xu et al., 2002). In budding yeast polarized secretion is also 
crucial for cytokinesis. Since Golgi-derived vesicles are transported via Myo2p along actin 
cables, the orientation of the actin cables directs the polarized targeting of secretory vesicles.  
Indeed, the actin cytoskeleton re-orients to the mother-daughter neck and guides the 
post-Golgi vesicles to the target membrane at the neck at the end of mitosis (Finger and 
Novick, 1998; Pruyne and Bretscher, 2000ii). After the vesicles are transported to the neck, 
they are tethered and docked to the plasma membrane at the mother-daughter neck mediated 
by the exocyst complex. Finally, with the interactions between v-SNAREs and t-SNAREs, the 
bi-layers of the vesicles fuse with the plasma membrane. This last step leads to the release of 
the vesicle contents and the incorporation of membrane proteins at specific domains of the 
plasma membrane (TerBush et al., 1996; Guo et al., 1999).  
It is presently unclear how the orientation of the actin cables toward the neck is linked with 
the arrival of the exocyst complex at the neck at the end of mitosis to ensure that secretory 
vesicles dock at the neck in time for cytokinesis (Finger and Novick, 1998). It is known that 
degradation of Clb2p in late mitosis triggers the orientation of the actin cables (Pruyne and 
Bretscher, 2000ii). The neck localization of Sec3p, one components of exocyst, was also 
found to be dependent on the exit from mitosis (VerPlank and Li, 2005). Based on the above 
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facts, it is quite possible that the arrival of the post-Golgi vesicles is dependent on the effect 
of the mitotic kinase on both actin reorganization and Sec3p localization. The mechanism by 
which Cdc28p effects these changes is still unclear, since the substrates of the Cdc28p kinase 
that might regulate these pathways have not been identified. Sec3p contains one or more 
consensus sites for Cdc28p-dependent phosphorylation (Finger and Novick, 1998). The 
putative Cdc28p phosphorylation in Sec3p could regulate Sec3p’s activity or localization 
through the cell cycle (Finger and Novick, 1998). Actin reorganization (Pruyne and Bretscher, 
2000ii) and Sec3p arrival at the neck around 5 min before cytokinesis lead to the neck 
localization of Chs2p 1 min after the exocyst complex (VerPlank and Li, 2005). The timely 
localization of Chs2p at the neck must be under very strict control to ensure only after 
completion of genomic separation chitin could be laid down between mother and daughter 
cells. In this study, we investigated the regulation of Chs2p which determines its timely 
localization at the mother-daughter neck during cytokinesis. Chuang and Schekman (1996) 
have shown that newly synthesized Chs2p translocates through the ER membrane by 
biochemical analysis and the delivery of Chs2p to the bud neck is not dependent on the 
chitosome which targets the other chitin synthases to the plasma membrane. Recently 
VerPlank and Li (2005) have shown Chs2p neck localization was dependent on Sec10p, 
essential subunit of the exocyst complex and Myo2p, a type V myosin which delivers 
secretory vesicles and vacuolar membranes along actin cables from the mother cell to the bud 
(Govindan et al., 1995; Pruyne et al., 1998). In this study we showed the ER localization of 
Chs2p directly by the co-localization of Chs2p-YFP with Sec63p-CFP (Fig. 6A top panels). 
We also reported that the translocation of Chs2p from ER to mother daughter neck was via 
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COPII mediated secretory pathway (Fig. 7A). Inactivation of either early component of 
secretory pathway or late component caused failure of the neck localization of Chs2p-YFP 
(Fig. 7A). Our finding, together with previous discoveries on actin reorganization and Sec3p 
arrival to the neck, revealed more roles mitotic kinase plays in regulating the events in 
cytokinesis. 
CHS2 is transcribed in G2/M (Pammer et al., 1992; Cho et al., 1998; Spellman et al., 1998), 
synthesized in metaphase (Fig. 5A; 6A; 7A) and transported to the neck in late mitosis 
(Chuang and Schekman, 1996; Schmidt et al., 2002; VerPlank and Li, 2005; Fig. 1.A; 2A). 
Besides the cell cycle regulated gene expression, another layer of control of the neck 
localization of Chs2p is proven to exist by our experiments. At metaphase, Chs2p was 
restrained at ER when the mitotic kinase was high (Fig. 5A; 6A; 7A). Inactivation of mitotic 
kinase by releasing from arrest or by induction of the kinase inhibitor Sic1p could trigger the 
exit of Chs2p out of ER and transport to the mother-daughter neck (Fig. 5A; 6A; 7A). 
However in other cell cycle stages such as in G1 phase, Chs2p-YFP could not be restrained at 
ER when it was forced to be expressed (Fig.12A). Even with a reconstitution of mitotic kinase 
in this phase, Chs2p-YFP signals were still found in cytoplasm (Fig.12B). We propose there 
is an inhibitor which exists in mitosis that could specifically block the exit of Chs2p out of ER 
in the presence of high mitotic kinase. In other cell cycle stages this factor is not expressed so 
Chs2p could not be restrained at ER even in the presence of high mitotic kinase. 
Our findings here show the first documentation that ER exit of a secretory cargo is under 
cell-cycle control. More importantly, the regulation of Chs2p export from the ER plays an 
important role in the finally arrival of Chs2p at the neck only after the major mitotic events, 
 68 
such as metaphase to anaphase transition are completed. The data here adds on to the previous 
proposal that Chs2p neck localization is controlled by transcription and post-translational 
modification. 
4.3 Future work on the activation of Chs2p 
It is known to us Chs2p stays at ER in metaphase-arrested cells but goes to the neck plasma 
membrane after induction of Sic1p (see above). Using transmission electron microscopy, we 
found that Chs2p triggered prematurely to the neck at metaphase was capable of laying down 
chitin in this case (Zhang et al., 2006). A question we are interested in is the regulation of the 
Chs2p activity, that is, where along the secretory pathway does the activation of Chs2p 
happen. Previous studies on Chs2p activity depended on assays which required trypsinization 
of Chs2p prior to the assays. For instance, Sburlati and Cabib have reported that Chs2p’s 
activity was stimulated by partial proteolysis in vitro (1986). They proposed that synthesis of 
chitin in yeast at precise times and sites was due to the localized activation of the chitin 
synthase zymogen. However, the ratio between protease treated and untreated Chs2p was 
only 3-5 folds, much less than 30-40 fold for Chs1p. The relatively high activity of the 
untreated Chs2p may be because some portion of the synthase was already functional at the 
moment of extraction or some activities were stimulated by the endogenous enzymes in the 
absence of added protease (Sburlati and Cabib, 1986). Controversially, Uchida and 
co-workers (1996) found that most Chs2p expressed in yeast cells remained unprocessed by 
protease, as judged from its molecular weight. The unprocessed Chs2p was active when 
appropriate divalent cations were present, but was hyper-activated by proteolytic cleavage. 
They proposed that some divalent cations instead of protease regulate the activity of Chs2p in 
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vivo (Uchida et al., 1996).  
One possible area of study in the future is to re-examine the activity of Chs2p in the assays 
where Chs2p is not trypsinized. This would allow us to better understanding when Chs2p is 
activated in mitosis. In our preliminary study on Chs2p activity, mild trypsinization caused a 
great increase of the activity of Chs2p in the metaphase-arrested sample with a 90 min 
induction of Sic1p (data not shown), this is consistent with previous work by Uchida and 
co-workers (1996). Also some Chs1p activity is still detectable which represents a significant 
signal under the assay conditions of Chs2p activity (Lucero et al., 2002). One possible 
strategy would be to make use of a chs1Δ::SpHIS5 CHS2-MYC-KAN 
4XGAL-SIC1-cmyc3::URA3 strain and see if Chs2p activity could be detected in the absence 
of trypsinization. The amount of Chs2p at ER or plasma membrane will be estimated by 
comparing the Western blot signals using anti-myc antibody. Then, the activity of Chs2p will 
be normalized against its amount in different fractions. By this way, we could tell whether 
Chs2p starts off inactive at the ER and is then activated only at the neck. For further analysis, 
sec2 mutant can be used to accumulate post-Golgi vesicles containing Chs2p at 
non-permissive temperature. Purified vesicles would be assayed for Chs2p activity and 
content. The normalized activity could be compared with the results at ER and plasma 
membrane to check if the activation happens along the secretory pathway. Unfortunately, we 
could not generate the strain after some tries. It may be caused by the low efficiency of 
transformation. Longer homologous sequence or other selection markers could be used in 
future work. Another possibility is that the transformed cells are too weak to survive. Though 
the cells deficient of both CHS1 CHS2 can still survive, they grow in clumps of variable sizes. 
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Most cells are larger than wild type cells and many have elongated and bizarre shapes (Shaw 
et al., 1991). The tagging of MYC to CHS2 may cause some defect to its function. Together 
with the deletion of CHS1, cells become very unhealthy. If this is true, the antibody against 
Chs2p can be used to avoid this problem. 
4.4 Future work on searching the targets of mitotic kinase and MEN kinases  
Being the central coordinator, Cdc28p directs the major events of the yeast cell division cycle 
together with different cyclins. Lots of work has been done on Cdc28p function and substrates. 
But it is still unclear how Cdc28p together with cyclins works on the orientation of actin 
cables to guide the vesicles to the target membrane at neck (Finger and Novick, 1998; Pruyne 
et al., 2004). In mammalian cells, transport is inhibited during mitosis between the ER and 
Golgi apparatus (Featherstone et al., 1985). Cdc2p kinase has been demonstrated to regulate 
the disassembly of ER exit sites and result in the specific inhibition of ER-to-Golgi transport 
during mitosis (Kano et al., 2004). In budding yeast, invertase, cell surface glycoproteins and 
mannans, as well as α-factor were reported to continue secretion during mitosis (Makarow 
1988; Nevalainen et al., 1989). How the export of Chs2p from ER could be regulated by the 
decrease of mitotic kinase while other cargoes are insensitive to mitotic kinase level is still 
unknown to us. Recently Loog and Morgan (2005) proposed Chs2p as potential substrate of 
the mitotic kinase which gives a hint to this question.  
Furthermore, related to the issue of septum formation, identifying possible substrates of MEN 
kinases in cytokinesis could give a much clearer understanding of the regulation of 
cytokinesis. In higher eukaryotes, myosin II is activated by the phosphorylation of its 
regulatory light chain (MLC) at Ser19/Thr18. Phosphorylation of Ser19 allows myosin II to 
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interact with actin resulting in assembling actomyosin complex and initiating contraction 
(Moussavi et al., 1993). On the contrary, dephosphorylation of MLC by myosin phosphatase 
inhibits its activity (reviewed by Hartshorne et al., 2004). Several kinases have been reported 
to phosphorylate MLC at Ser19/Thr18 in vitro and, in some cases, in vivo. Among them, three 
kinases including MLCK, ROCK and citron kinase which could localize to the cleavage 
furrow, may be the immediate upstream molecules to regulate MLC phosphorylation during 
cell division (Madaule et al., 1998; Kosako et al., 1999; Poperechnaya et al., 2000; Eda et al., 
2001). Lower eukaryotes such as yeast use different mechanism for the regulation of myosin 
II in cytokinesis (reviewed by Matsumura, 2005). In Dictyostelium discoideum and 
Schizosaccharomyces pombe, the myosin light chain is phosphorylated in vivo, but the 
phosphorylation is not essential for the cytokinesis (Ostrow, B.D. et al., 1994; McCollum et 
al., 1999). In budding yeast, Mlc2p is the regulatory myosin light chain. Its deletion causes a 
mild defect in the disassembly of the Myo1p ring. However, the phosphorylation of Mlc2p 
has not been confirmed, neither its function on the contraction of actomyosin ring (Luo et al., 
2004). Myosin heavy chain itself, is also phosphorylated in vivo at one or more serine 
residues at the carboxyl terminus segment, but the detailed function of phosphorylation in 
cytokinesis is still unknown (Negron, et al., 1996). However, whether the MEN kinases are 
involved in the phosphorylation of Mlc2p and myosin heavy chain is still unknown now.  
In recent years, a mass spectrometry based method has been applied to the searching for 
kinase targets. First, phosphorylated peptides are modified by chemicals and enriched by 
immobilized metal-affinity chromatography (IMAC). With the help of liquid 
chromatography-tandem mass spectrometry, phosphorylated residues could be determined. 
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Some studies on yeast have achieved a large amount of interesting results which are waiting 
for further analysis (Brinkworth et al., 2006; Ficarro et al., 2002; Gruhler et al., 2005). 
Brinkworth and co-workers (2006) used Predikin, a bioinformatics software, to predict which 
of 116 protein kinases in yeast is responsible for the phosphorylated sites determined by 
phosphoproteome. The predictions are based on the nature of residues located in the 
substrate-binding pocket at specific positions relative to the conserved motifs found in all 
Ser/Thr protein kinase sequences. For most phosphorylated sites in the phosphoproteome 
dataset, the kinases responsible for the phosphorylation were predicted. More than half of the 
associations showed high probabilities (Brinkworth et al., 2006). 
Based on the strategy described above, the specific phosphorylated sites during mitosis or 
transition from mitosis to cytokinesis could be identified by comparison the results before and 
after the transition. Further analysis by Predikin could give some associations between these 
sites and the kinases interested. After that, confirmation could be done in vivo and in vitro. 
Though no positive results would be promised, it still provides a basis to direct future 
experimental work. 
4.5 Conclusions 
1. Neck localization of Chs2p-YFP requires exit from mitosis instead of components of 
MEN 
2. Transportation of Chs2p-YFP to the neck starts from ER and is via 
COPII-mediated secretory pathway 
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